We report a first principles study based on density functional theory on the structural and electronic properties of transition metal Zr and Hf doped small aluminum clusters with 1 to 7 aluminum atoms. We have used B3PW91/LANL2DZ basis set in Gaussian 09 package. The stability analysis reveals that the ZrAl 4 and HfAl 4 structures with C 2 v symmetry and square pyramid geometry are lowest energy structures. The most stable structures in ZrAl 5 and HfAl 5 are distorted tetrahedron type structure with symmetry C 1 . The binding energies per atom for transition metal doped Al n clusters increases with the cluster size, while the second order difference in total energy show oscillatory behavior with even and odd cluster size. The HOMO -LUMO gap for ZrAl n is larger than the HfAl n clusters except for n = 1 and 3. The HfAl 6 has more tendency to accept or give away electrons. The negative charge exists on Zr and Hf indicating that the electron transfers from Al atom to transition metal, Zr and Hf. The thermodynamical analysis suggest that the HfAl 6 cluster has highest exothermicity compared to not only all considered Al clusters but also other transition metal doped Al clusters reported in J.
Introduction
In recent years great deal of attention is devoted to clusters due to their fundamental concept of electronic and geometrical stability and potential application in variety of fields such as catalytic activities, hydrogen storage 1 -4 , formation of metallic glasses 5, 6 and most importantly alternate building blocks of materials in the form of super atoms 7 . Among the variety of clusters, binary metallic clusters have much attention due to their wide range of tailoring properties about its size, shape and chemical composition 8 -12 . Furthermore, binary metallic clusters are used to control the synthesis and chirality of the single walled carbon nano tubes (SWCNT) 13 . As a typical example of atomic and doped atomic clusters, the aluminum and transition metal (TM) doped aluminum clusters respectively have been the subject of many investigations 14 -29 . The display of large local magnetic moments by the transition metal doped aluminum clusters is one of the main reason for their increasingly focused studies 29 . The existence of large local magnetic moments is attributed to the interaction of d electron with the nearly free electron gas when the TM element is present in sp metal host or surfaces. Wang et. Al 29 studied the structural, electronic and magnetic properties of MAl n (M = Cr, Mn, Fe, Co, Ni; n = 1 -7, 12) clusters using density functional theory (DFT) by treating the exchange-correlation interaction with generalized gradient approximation (GGA). While they found non-degenerate and delocalized HOMO and LUMO states, the computed total magnetic moment oscillate with the cluster size.
Very recently, the influence of spin on the properties of small sized transition metal doped aluminum clusters using DFT is reported 7 . Their low spin doped aluminum clusters show the odd even oscillation in various calculated properties in the line of jellium shell structures in contrast to the high spin case which show smooth variation in the properties. However in comparison, Zr and Hf based transition metal doped Al clusters have not been studied systematically and lacks the information on stability, structures, electronic, heat of absorption on the cluster surface. Zr and Hf transition metal elements possess many interesting properties like high coercivity and low absorption cross section for neutrons.
There exist few studies based on Zr-Al compounds using DFT calculations 30 -35 
Computational method
In the present study all the calculations were performed using density functional theory simulation on TmAl n clusters using GAUSSIAN 09 package 41 . The Becke's three parameter (B3) and Perdew and Wang (PW91) GGA functional together called the B3PW91 were used for the exchange and correlation respectively along with Los Alamos set of double-zeta type (LANL2DZ) 42 -44 basis set to derive a complete geometrical optimization of transition metal Zr and Hf doped Al n (n = 1 -7) clusters. The accurate determination of ground state geometry of cluster is required in the chemistry of clusters. Initially different arrangements of isomers of clusters are taken for each cluster to obtain the ground state conformers. After optimization of all these isomers the energetically minimum structure is taken as ground state geometry for each cluster. Binding energy between transition metal and Al n clusters is calculated using the following formula
( 1) where E(Al) and E(Tm) is the total energy of one atom of Al and transition metal (Zr, Hf)
respectively and E(TmAl n ) is the total energy of transition metal doped Al n cluster. The relative stability of the cluster is defined by the second order difference in the total energy which was calculated by the following formula
Chemical hardness defines the tendency to gain or give the electrons is calculated using the following formula 45, 46 (
where I.E. = Ionization Energy and E.A. = Electron Affinity. The difference in energy of neutral cluster and cation of that cluster are taken to evaluate the ionization energy and the difference in energy of neutral cluster and anion of that cluster are taken to evaluate the electron affinity. The behavior of charge transfer between transition metal and Al cluster, natural electronic configuration are calculated using natural bond analysis (NBO) which is implemented in Gaussian 09 package 47, 48 .
Result and Discussion

Structural Geometry:
For calculation of any ground state properties one needs to optimize the structures and obtain the equilibrium geometrical structures. Figs. 1 and 2 present the fully optimized ground state and low lying structures of transition metal doped Al n clusters (TmAl n ; TM = Zr and Hf, n = 1 to 7).
The point group and the multiplicity are listed in Table - 
Stability
For the analysis of relative stability of TmAl n clusters we have calculated binding energy per atom E b (n) and 2 nd order difference in the total energy Δ 2 E of the clusters using the equations (1) and (2) respectively presented in section 2. The second order difference in the total energy is the quantity which defines the relative stability of the clusters 49 . The calculated values of E b (n) and Δ 2 E for ground state structures are listed in Table - I. The binding energy per atom increases with the increasing in cluster size as can be seen from Fig. 3(a) . Table -I and Fig. 3(b) show that the Δ 2 E behaves oscillatory with cluster size. The fluctuation behavior of Δ 2 E is more for HfAl n than ZrAl n . However, we observe that the Δ 2 E is higher for clusters of even number, which is similar to the clusters of Zr n Al ±m 33 . The maximum peak observed at n = 4 for HfAl 4 suggest that HfAl 4 is the most stable cluster than its nearest neighbors (n = 3, 5). This can also be seen from the Fig. 3(a) that the HfAl 4 has highest binding energy. As for n = 6, ZrAl n is concerned that the n = 6 is most stable, which can also be seen from the Fig. 3 (a) where binding energy is highest for ZrAl 6 . All the calculations presented in the following sections are performed for the most energetically stable structures.
Electronic properties
Electronic properties of clusters can be analyzed through Highest Occupied Molecular Orbital Table - II. Chemical hardness is the measure of the cluster to accept or give away electrons i.e. bigger η suggest the smaller tendency and smaller η suggest the larger tendency for accepting or give away the electrons 50 . Table -II shows that the HfAl 6 has minimum η with 1.825 eV indicating that the HfAl 6 has more tendency to accept or give away electrons.
NBO analysis
The natural electronic configuration and charge transfer between considered transition metals and Al cluster can be studied by natural bond analysis (NBO). The natural electronic configuration and atomic charge on each atom in ZrAl n and HfAl n cluster presented in supplementary Table -I Table - II.
Adsorption of CO 2 on TmAl n Clusters
We have computed the thermodynamic data of the adsorption of CO 2 on the Hf and Zr doped Al n (n = 4 -7) clusters and compare them with the available data on other transition metal doped Al Table -III which depicts that the HfAl 6 cluster has highest exothermicity compared to the other Hf and Zr doped Al n clusters. It is interesting to note that the exothermicity for HfAl 6 is even higher than the Sc and Ti doped aluminum clusters 7 . Furthermore, one can observe that in all cases the angle of CO 2 is changed and the bond length between CO 2 and cluster is increased as observed in the case of other transition metal doped Al n clusters.
Conclusions
In summary we have performed the density functional theory calculations with the basis set of LANL2DZ of two transition metals (Zr and Hf) doped aluminum clusters. We report energetically stable geometries, electronic structure and relative stability of Zr/Hf Al n (n = 1 -7)
clusters. All the calculations are performed for the most energetically stable structures. The Zr and Hf doped Al n clusters favor 3D spatial structures at the smaller number of Al atoms compared to higher number of Al clusters. The natural electronic configuration analysis shows that the electron moves from Al n clusters to transition metal Zr and Hf. We found that the binding energy of considered clusters is increasing with increase in cluster size. HfAl 4 is relatively stable structure. From the HOMO -LUMO analysis we found that the ZrAl is relatively chemically more active with HOMO -LUMO gap of 2.124 eV. HfAl 6 cluster has more tendencies to accept or give away the electrons and higher enthalpy difference as well as higher adsorption of CO 2 .
Supplementary Materials
See supplementary material for the natural bond analysis (NBO). The natural electronic configuration and atomic charge on each atom in ZrAl n and HfAl n cluster is presented in supplementary 
